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Current j e t  a i rp lanes  u t i l i z e  kerosene or gasoline-type fue ls .  
Liquid methane, however, i s  superior  in  terms of heat ing value, cooling 
capacity,  and possibly cost .  When it i s  applied t o  t h e  d i f f i c u l t  super- 
sonic  t ranspor t  mission, payload capacity i s  estimated t o  increase by 30 
percent, with a similar reduction i n  d i r e c t  operating cost .  
Many problems must be solved before t h e  concept can be considered 
t o  be f eas ib l e .  If it i s  ac tua l ly  adopted, t he  a i r l i n e s  would consume 
up t o  s i x  t r i l l i o n  cubic f e e t  o f  n a t u r a l  gas per year.  
"Chief, Mission Analysis Branch 
X-52282 
IJYTRODUCTION 
The purpose o f  t h i s  paper is  t o  review s tud ie s  performed a t  t h e  
NASA concerning t h e  use o f  l iquef ied  natural gas i n  fu tu re  supersonic 
commercial a i r c r a f t .  The da ta  presented herein are pr imari ly  abstracted 
from references 1 and 2, which a re  wri t ten from t h e  viewpoint of t h e  
aeronaut ical  engineer. An e f f o r t  i s  made i n  t h i s  paper t o  recognize 
those f a c t o r s  o f  pa r t i cu la r  i n t e r e s t  t o  t h e  gas industry.  
The major cha rac t e r i s t i c s  of  a typ ica l  supersonic t ranspor t  (SST) 
desigriiare compared i n  figure 1 with those o f  a contemporary subsonic 
t ranspor t .  Note t h a t  t h e  range-payload performance of t h e  SST i s  
subs t an t i a l ly  i n f e r i o r  t o  t h a t  o f  t h e  subsonic c r a f t  -- and t h i s ,  desp i te  
t h e  favoring l a rge r  s i z e  o f  t he  SST. 
t h a t  i t s  speed i s  about three times greater .  
b e n e f i t  f o r  t he  passenger i n  reduced t r i p  t i m e .  
fit f o r  t he  a i r l i n e  operator i n  greater  product iv i ty  f o r  t he  a i rp lane ;  
as  a consequence of t h i s  f ac to r ,  the  SST i s  expected t o  be no more 
c o s t l y  t o  operate than t h e  subsonic plane. 
The obvious "plus" f o r  t h e  SST is  
It a l so  provides a bene- 
This provides an immediate 
Much e f fo r t  has been devoted i n  the past f e w  years t o  b e t t e r i n g  the  
performance of t h e  SST through improvements i n  t h e  e f f ic iency  o f  t he  
engines and t h e  aerodynamics and s t ruc tu re  of t h e  airframe. A s  a result 
it i s  now bel ieved t h a t  a usefu l  commercial vehicle  can be b u i l t .  The 
present U.S. schedule c a l l s  f o r  t h e  SST t o  en te r  se rv ice  i n  1974. Some- 
what smaller and slower a i rp lanes  are being developed by England-France 
and t h e  USSR, which may be ava i lab le  even sooner. 
Nevertheless, there  is  s t i l l  considerable room f o r  fu r the r  improve- 
Since it i s  expended dur- 
ment i n  a i rp lane  performance. 
s ing le  component of t h e  a i rp lane  is the fuel. 
ing  every f l i g h t ,  t he  f u e l  is a l s o  very important t o  t he  operating expense 
of t h e  a i rp lane .  Hence, it i s  a na tura l  question t o  ask whether changing 
t h e  f u e l  type might not be desirable .  
I n  f igure  1 we see t h a t  t h e  heaviest  
The f u e l  used i n  a l l  present j e t  a i r c r a f t  is  e i t h e r  kerosene or a 
gasoline-kerosene blend ca l led  JP. The proper t ies  of  t h i s  fuel are 
compared with a number o f  a l t e r n a t i v e  fuels  i n  t a b l e  I. Of primary 
importance t o  a i rp lane  performance i s  t h e  f i rs t  column, t h e  heat o f  
combustion. 
vary inverse ly  with t h i s  number. Methane i s  t h e  b e s t  o f  t he  l i g h t  hydro- 
carbons i n  t h i s  respect ,  being 13-percent b e t t e r  than JP. Methane i s  a l s o  
b e s t  i n  terms of hea t  s ink capacity,  which w i l l  be shown la ter  t o  be very 
important f o r  supersonic a i rplanes.  ( A s  seen i n  t h e  t ab le ,  l i qu id  hydro- 
gen would be even b e t t e r ,  bu t  it must be present ly  ruled out f o r  commer- 
c ia l  f l i g h t  because of i t s  high cos t . )  
The engine f u e l  consumption and thus t h e  a i rp lane  fuel  load 
*The details  o f  t h e  proposed SST vehicle a r e  cont inual ly  being modified as 
t h e  engine and a i r c r a f t  companies refine t h e i r  designs. The configuration 
assumed i n  t h i s  paper is  an NASA design t h a t  is  s u f f i c i e n t l y  representa t ive  
of supersonic t r a n s p r t s  f o r  t h e  purposes of t h i s  discussion. 
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The t ab le  a l s o  poin ts  ou t  some ser ious  disadvantages f o r  methane. Its 
temperature must be kept below -259OF t o  prevent b o i l i n g  away, and it i s  
only about half as dense as JP. These q u a l i t i e s  w i l l  present obvious 
d i f f i c u l t i e s  i n  ground handling and a i rp l ane  design. 
ENGINE AND AIRPLANE PERFORMANCE 
Engine Design 
A s  a preliminary t o  presenting t y p i c a l  engine performance, l e t  us 
consider t h e  problem of engine cooling. 
shown t h a t  high gas temperatures en ter ing  t h e  tu rb ine  a r e  necessary f o r  
good thermodynamic e f f i c i ency  during supersonic f l i g h t .  I n  con t r a s t  t o  
temperatures o f  1400-1500°F i n  cur ren t  subsonic engines, t h e  goal f o r  t h e  
SST engine i s  2200°F. Since t h e  ava i l ab le  materials f o r  t u rb ine  b lades  
can withstand only about 1700°F, t he  b lades  must be cooled i n  some fashion. 
The usua l  scheme i s  t o  bleed high-pressure a i r  from t h e  compressor e x i t  
and duct it through small cooling passages i n  t h e  tu rb ine  blades.  The 
compressor-bleed a i r  i s  i t s e l f  a t  1000-12000°F, so t h a t  t h i s  technique f o r  
cooling i s  a d i f f i c u l t  and marginal affair. 
Cycle and mission s t u d i e s  have 
The high heat-sink capac i ty  of l i q u i d  methane can be  applied t o  
a l l e v i a t e  t h i s  s i t u a t i o n  and permit much higher t u r b i n e - i n l e t  gas tempera- 
t u r e s  with no increase i n  blade metal temperature. Two poss ib le  schemes 
f o r  accomplishing t h i s  are (1) c h i l l  t h e  compressor-bleed cooling a i r  
with an air-to-methane heat exchanger, or ( 2 )  e l imina te  t h e  b leed  a i r  
e n t i r e l y  and run t h e  methane f u e l  through t h e  b lade  cooling passages 
before  en ter ing  the  combustor. This l a t t e r  scheme i s  i l l u s t r a t e d  i n  
f i g u r e  2. 
The n e t  r e s u l t  o f  changing from J P  t o  methane f u e l  i s  ind ica ted  i n  
f i g u r e  3. Cruise performance o f  a t u r b o j e t  engine i s  shown i n  terms of 
two parameters: s p e c i f i c  impulse ( a  measure of engine f u e l  consumption) 
and t h r u s t  per unit  a i r f low (a  measure of engine s i z e  and hence weight). 
High values o f  bo th  parameters a r e  desired.  Switching from J P  t o  methane 
a t  t h e  same turb ine  i n l e t  temperature increases  t h e  s p e c i f i c  impulse by  
approximately 13 percent, as w e  would expect from t h e  d i f f e rence  i n  hea t -  
ing  values.  Raising t h e  temperature, t o  280CPF say, y i e l d s  a small 
further increase i n  s p e c i f i c  impulse plus a l a rge  increase  i n  t h r u s t  ( f o r  
t h e  non-afterburning mode). 
Airplane Deisgn 
The value of such engine improvements can be judged only  through 
reference t o  the  performance of t h e  complete engine-airplane combination, 
opera t ing  over a t y p i c a l  f l i g h t  mission. Accordingly, a family of methane- 
fueled SST a i rp lanes  w a s  designed and "flown" (wi th  t h e  h e l p  of a high- 
speed computer) and compared t o  similar JP-fueled veh ic l e s .  The mission 
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w a s  t o  f l y  a dis tance of  4000 s t a t u t e  miles a t  a c ru ise  speed o f  Mach 3, 
with a takeoff  gross weight of 460,000 pounds. 
such as  maximum allowable takeoff  dis tance and sonic boom were observed. 
Within t h e  l i m i t s  of these constraints ,  engine and wing s i z e  were optimized 
f o r  maximum payload. 
Various design cons t ra in ts  
It should be cautioned t h a t ,  although beyond the  scope of t he  present 
paper, t he  d e t a i l s  o f  t h e  assumptions i n  the  previous paragraph can have 
a grea t  e f f e c t  on t h e  f i n a l  r e s u l t .  
i n  f igu re  4, which shows the  SCAT 15F configuration considered i n  t h i s  
study. 
when J P  i s  used. 
with i t s  approximately 70-percent greater  volume. Small d i f fe rences  i n  
t h e  a i rp lane  design concept could e a s i l y  have r e su l t ed  i n  smaller wings 
than shown. A s  a consequence t h e  needed methane tank volume would not be 
ava i l ab le  without enlarging t h e  airplane i n  some fashion. Depending on 
the  des igner ' s  ingenuity, t h e  enlargement would cos t  extra weight and 
aerodynamic drag, with a consequent penalty t o  performance. 
of f a c t ,  t he  a i rp lane  design t h a t  i s  present ly  being planned f o r  a c t u a l  
construct ion has, i n  addi t ion t o  a smaller wing, a variable-geometry 
mechanism i n  t h e  wing t h a t  fu r the r  reduces t h e  volume ava i lab le  f o r  f u e l  
storage.  ) 
For example, r e f e r  t o  t h e  sketches 
The upper p a r t  o f  t h e  f igu re  depicts  t h e  loca t ion  of t h e  fue l  tanks 
The lower p a r t  shows how methane would be d i s t r ibu ted ,  
( A s  a matter 
A f 'urther caution is sounded concerning t h e  c r i t e r i o n  o f  merit 
se lec ted  f o r  making comparisons. Instead o f  applying methane t o  in -  
crease t h e  payload, we could have increased t h e  range or reduced t h e  
gross  weight. The percentage o f  improvement i s  not  t h e  same f o r  a l l  
t h ree  cases.  
Based on t h e  assumptions o f  the  present study, w e  f i n d  t h e  r e s u l t s  
given i n  f igu re  5. Changing t o  methane f u e l  with the  same turb ine  i n l e t  
temperature is  estimated t o  y i e ld  an increase i n  number of passengers of 
1 7  percent.  Appl ing t h e  added cooling capaci ty  t o  raise t h e  temperature 
from 2200 t o  2800 F increases  methane's advantage over J P  t o  31 percent. B 
It need hardly be mentioned t h a t  t h i s  s t r i k i n g  improvement i s  attended 
by some ser ious  design d i f f i c u l t i e s  t h a t  must be overcome before t h e  con- 
cept  becomes a r e a l i t y .  Some o f  t h e  problems a r e  i n  t h e  engine, such a s  
developing t h e  technique o f  cooling with methane previously mentioned. 
The major problems, however, appear t o  be associated with t h e  airframe and 
i t s  operat ion.  One of them, t h e  containment problem, w i l l  be discussed 
i n  a conceptual fashion. 
Fuel b o i l o f f .  - Providing su f f i c i en t  volume fo r  t he  f u e l  i s  only t h e  
beginning of t h e  containment problem. 
hea t  leaks  in to  t h e  fuel during ground hold and cru ise ,  so t h a t  excessive 
b o i l o f f  losses  w i l l  not be suffered. 
i s  one t h a t  cannot be cured with insulat ion.  It occurs as t h e  a i rp lane  
climbs from sea l e v e l  up t o  i t s  cruise  a l t i t u d e  o f  about 70,000 f e e t .  
Airplane f u e l  tanks a r e  normally vented t o  t h e  atmosphere so t h a t  t h e  tank 
pressure  is  l i t t l e  higher than ambient. This i s  s a t i s f a c t o r y  for JP, bu t  
d i s a s t r o u s  f o r  methane. The methane a t  i t s  l iquefac t ion  temperature of 
Insu la t ion  must be used t o  minimize 
However, t h e  major bo i lo f f  problem 
4 
-259'F and one atmosphere of pressure i s  a b o i l i n g  l i qu id .  
su re  i s  reduced during climb, l a rge  amounts of  f u e l  are f lashed  o f f  as 
vapor and l o s t  through t h e  vents .  
If i t s  pres-  
This cannot be to l e ra t ed .  
Froposed so lu t ions  f a l l  i n to  two categories:  (1) u t i l i z e  t h e  vapor 
i n  some use fu l  fashion,or  ( 2 )  prevent t h e  vapor from evolving. 
category (l), t he  only p ro f i t ab le  place t o  use t h e  vapor i s  i n  t h e  engine 
as fue l .  This requi res  a dual f u e l  system t h a t  incorporates  a u x i l i a r y  
compressors t o  achieve a pressure s u f f i c i e n t  f o r  i n j e c t i o n  i n t o  t h e  
combustors. Even then, more vapor i s  genera l ly  evolved during t h e  e a r l y  
p a r t  of f l i g h t  than t h e  engines can use, so  some f u e l  must i nev i t ab ly  be 
l o s t .  
Consider category ( 2 ) .  
Under 
This approach i s  undesirable  because it adds weight and complexity. 
Here w e  can conceive of s eve ra l  p o s s i b i l i t i e s .  
( a )  Condense t h e  vapor as fast  as it evolves with an on-board 
l i que fac t ion  system; however, t h e  estimated weight of such a system i s  of 
t h e  same magnitude as the t o t a l  a i rp l ane  weight and so is  impract ical .  
( b )  A more f e a s i b l e  modification t o  ( a )  is  t o  use a ground system 
t o  subcool t h e  methane before  it i s  loaded on t h e  a i rp l ane .  Tank pressure 
could now be  reduced i n  f l i g h t  down t o  t h e  s a t u r a t i o n  pressure correspond- 
ing  t o  t h a t  temperature with no vapor loss. This technique would solve 
t h e  b o i l o f f  problem bu t  causes a new d i f f i c u l t y .  Since t h e  pressure of  
t h e  subcooled f u e l  is  much less than atmospheric, t h e  f u e l  tanks when a t  
low a l t i t u d e  w i l l  tend t o  co l lapse  inward unless  they  a r e  pressurized up 
t o  about one atmosphere by some o ther  gas. 
complexity of  t h e  system, f ind ing  a s u i t a b l e  pressurant  i s  troublesome. 
For example, nitrogen i s  too  so luble  i n  subcooled l i q u i d  methane, and 
helium i s  probably too  scarce.  
Apart from t h e  undesirable  
( c )  
throughout t h e  f l i g h t  i s  t h e  most d i r e c t  way t o  prevent b o i l o f f .  The 
problem here is t h a t  t h e r e  would be a l a rge  pressure  d i f f e ren t i a l  during 
c ru ise ,  tending t o  b u r s t  t h e  tanks.  Redesigning t h e  a i rp l ane  s t r u c t u r e  
t o  support t h i s  load could cause l a rge  weight pena l t i e s .  
Closing o f f  t h e  tank vents  and maintaining atmospheric pressure  
The a i rp lane  performance estimates presented he re in  were based on 
t h e  useof subcooled methane and included r ep resen ta t ive  f u e l  system 
weight pena l t ies .  However, t h i s  i s  an area t h a t  r equ i r e s  more study. 
COST EVALUATION 
Since the  SST i s  a commercial appl ica t ion ,  opera t ing  cos t  is  an even 
more important c r i t e r i o n  than payload. To evaluate t h i s  f a c t o r  it is  
necessary t o  know t h e  cos t  of t h e  fuel .  
Methane is derived commercially from n a t u r a l  gas,  of  which it i s  
normally t h e  major cons t i tuent .  Direct  use of  l i q u e f i e d  n a t u r a l  gas i n  
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t h e  a i rp lane  i s  not desirable ,  s ince  the other  cons t i tuents  have i n f e r i o r  
hea ts  of combustion. However, high pur i ty  methane is  unnecessary; f o r  
example, t h e  inclusion of 10 percent ethane reduces t h e  hea t ing  value by 
only 1/2 percent. 
i n  t h e  l iquefac t ion  process and are usual ly  of value i n  t h e i r  own r i g h t  
(e .g . ,  propane and butane),  t h e  cos t  o f  l i q u i d  methane should be about t h e  
same a s  LNG. 
Since t h e  non-methane cons t i tuents  are r e a d i l y  separated 
The LNG cos t  of interest  i s  t h a t  delivered t o  t h e  a i rp lane .  This 
cos t  w i l l  undoubtedly vary around t h e  world, depending on the  r e l a t i v e  
loca t ions  o f  t he  gas supply and t h e  a i r p o r t  i n  question. 
of  LNG by sh ip  over la rge  dis tances  i s  today a commonplace technique. 
Truck and r a i l  t ranspor ta t ion  is a l so  ava i lab le  f o r  inland delivery. 
Based on present cos t s  (of  Algerian LNG delivered t o  England, f o r  example), 
it i s  estimated t h a t  l i q u i d  methane delivered t o  t h e  a i r p o r t  might run i n  
t h e  order o f  2 cents  per pound when t h i s  t ranspor ta t ion  technique is  used. 
The t r anspor t  
Another, more des i rab le  technique i s  ava i lab le  i n  many p a r t s  o f  t h e  
world where na tura l  gas can be supplied d i r e c t l y  t o  t h e  a i r p o r t  v i a  pipe- 
l i ne .  I n  t h i s  case a l iquefact ion plant would be constructed a t  t h e  a i r -  
port .  The f a c i l i t y  would be similar t o  t h e  peak-load-shaving p lan ts  t h a t  
a r e  now i n  operat ion i n  severa l  c i t i e s  o f  t he  U.S.A. A preliminary cos t  
estimate has been prepared by tk I n s t i t u t e  o f  Gas Technology o f  an a i r -  
por t  f a c i l i t y  capable o f  fue l ing  50 SST f l i g h t s  per day (10 x lo6 lb/day).  
Based on a c a p i t a l  investment o f  45 mi l l i on  dol la rs ,  t h e  r e s u l t i n g  u n i t  
cos t  is  shown i n  t h e  following t ab le :  
Gas a t  40 cents  per  1000 cu f t  
Fixed charges a t  1 2  percent/year 
Operating cos t  
0.94 
0.13 
0.14 -
Total,  cents / lb  1 . 2 1  
This  es t imate  does not include the  possible  b e n e f i t s  of generating 
valuable  by-products or o f  combined operation with a l o c a l  peak-shaving 
f a c i l i t y .  
may be compared t o  a t y p i c a l  p r i ce  of  1.8 cents  per pound f o r  JP  
(97 cents /mil l ion Btu) . 
The t o t a l  of 1 . 2 1  cents  per pound (or 56 cents/mill ion Btu) 
These pr ices  were used t o  estimate an economic parameter f o r  t h e  
SST c a l l e d  "d i r ec t  operating cos t"  (DOC).  This parameter, which includes 
fuel  cos t ,  maintenance, and depreciation ( ref .  3), has been found t o  
provide a use fu l  measure of economic f e a s i b i l i t y  f o r  commercial a i r c r a f t .  
A s  shown i n  figure 6, methane could reduce the  DOC by 25 t o  35 percent,  
depending on f u e l  cos t .  
by t h e  following simple example: 
pe r  day car ry ing  200 passengers. 
400 b i l l i o n  seat-miles per year. 
t h e  a i r l i n e s  400 mi l l ion  do l l a r s  i n  one year. 
The s ignif icance of reducing W C  can be  appreciated 
One SST can make th ree  4000-mile t r i p s  
A f l e e t  of 500 SSTs can then provide some 
A saving o f  only 0 . 1  cent/seat-mile saves 
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CONCLUDING REMARKS 
This paper has reviewed recent  s tud ie s  of  t h e  app l i ca t ion  of  LNG 
t o  f u t u r e  commercial supersonic a i rp lanes .  
ou t  bo th  t h e  pos i t ive  and negative aspec ts  of  t h e  concept. 
An e f f o r t  w a s  made t o  poin t  
On t h e  negative side, it must be acknowledged t h a t  t h e  use of  methane 
Supplying a new and unusual fue l  t o  major 
i n  a supersonic a i rp l ane  causes add i t iona l  complications i n  an a l ready  
d i f f i c u l t  design problem. 
a i r p o r t s  around t h e  world w i l l  pose both  t echn ica l  and p o l i t i c a l  problems. 
Quest ions concerning t h e  s a f e t y  of t h e  new fue l  i n  commercial operat ion 
must be resolved. The long-term a v a i l a b i l i t y  and de l ivered  cos t  o f  LNG 
i s  not  y e t  es tabl ished.  
Onthe pos i t i ve  s ide ,  LNG o f f e r s  a g rea t  p o t e n t i a l  f o r  improving SST 
performance, not only i n  terms of payload and opera t ing  cos t ,  b u t  a l s o  
for longer range and higher speed. For example, t h e  b e n e f i t s  of  using 
methane i n  hypersonic vehic les  are even g rea t e r  than i n  t h e  SST. 
If t h e  concept i s  a c t u a l l y  put  i n to  prac t ice ,  it o f f e r s  t h e  gas 
indus t ry  a new customer t o  consume possibly as much as 6 t r i l l i o n  cubic 
feet per year, i . e . ,  about 20 percent of present  consumption (based on an 
op t imis t i c  estimate of  1200 SSTs i n  se rv i ce  by 1990.) 
A s  ye t  the  concept of employing LUG i n  a i r c r a f t  i s  merely an i n t r i -  
guing speculation. But t h e  p o t e n t i a l  rewards t o  both  t h e  ae ronau t i ca l  
and t h e  gas industries undoubtedly j u s t i f y  extensive research  aimed a t  
subs t an t i a t ing  t h e  v a l i d i t y  of  t h e  idea. 
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